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ABSTRACT  Biofilms  are  thought  to  play  an  important  role  during  colonization  of  the  nasopharynx  by  Streptococcus  pneumoniae, 
yet  how  they  form  in  vivo  and  the  determinants  responsible  remain  unknown.  Using  scanning  electron  microscopy,  we  show 
that  biofilm  aggregates  of  increasing  complexity  form  on  murine  nasal  septa  following  intranasal  inoculation.  These  biofilms 
were  highly  distinct  from  in  vitro  biofilms,  as  they  were  discontiguous  and  appeared  to  incorporate  nonbacterial  components 
such  as  intact  host  cells.  Biofilms  initially  formed  on  the  surface  of  ciliated  epithelial  cells  and,  as  cells  were  sloughed  off,  were 
found  on  the  basement  membrane.  The  size  and  number  of  biofilm  aggregates  within  nasal  lavage  fluid  were  digitally  quanti¬ 
tated  and  revealed  strain-specific  capabilities  that  loosely  correlated  with  the  ability  to  form  robust  in  vitro  biofilms.  We  tested 
the  ability  of  isogenic  mutants  deficient  in  CbpA,  pneumolysin,  hydrogen  peroxide,  LytA,  LuxS,  CiaR/H,  and  PsrP  to  form  bio¬ 
films  within  the  nasopharynx.  This  analysis  revealed  that  CiaR/H  was  absolutely  required  for  colonization,  that  PsrP  and  SpxB 
strongly  impacted  aggregate  formation,  and  that  other  determinants  affected  aggregate  morphology  in  a  modest  fashion.  We 
determined  that  mice  colonized  with  ApsrP  mutants  had  greater  levels  of  the  proinflammatory  cytokines  tumor  necrosis  factor 
alpha  (TNF-a),  interleukin-6  (IL-6),  IL-1^,  and  KC  in  nasal  lavage  fluid  than  did  mice  colonized  with  wild-type  controls.  This 
phenotype  correlated  with  a  diminished  capacity  of  biofilm  pneumococci  to  invade  host  cells  in  vitro  despite  enhanced  attach¬ 
ment.  Our  results  show  that  biofilms  form  during  colonization  and  suggest  that  they  may  contribute  to  persistence  through  a 
hyperadhesive,  noninvasive  state  that  elicits  a  dampened  cytokine  response. 

IMPORTANCE  This  work  demonstrates  the  first  temporal  characterization  of  Streptococcus  pneumoniae  biofilm  formation  in 
vivo.  Our  results  show  that  the  morphology  of  biofilms  formed  by  both  Invasive  and  noninvasive  clinical  isolates  in  vivo  is  dis¬ 
tinct  from  that  of  formed  biofilms  in  vitro,  yet  propensity  to  form  biofilms  in  vivo  loosely  correlates  with  the  degree  of  in  vitro 
biofilm  formation  on  a  microtiter  plate.  We  show  that  host  components,  including  intact  host  cells,  influence  the  formation  of  in 
vivo  structures.  We  also  found  that  efficient  biofilm  formation  in  vivo  requires  multiple  bacterial  determinants.  While  some  fac¬ 
tors  are  essential  for  in  vivo  biofilm  formation  (CiaRH,  PsrP,  and  SpxB),  other  factors  are  less  critical  (CbpA,  LytA,  LuxS,  and 
pneumolysin).  In  comparison  to  their  planktonic  counterparts,  biofilm  pneumococci  are  hyperadhesive  but  less  invasive  and 
elicit  a  weaker  proinflammatory  cytokine  response.  These  findings  give  insight  into  the  requirements  for  and  potential  role  of 
biofilms  during  prolonged  asymptomatic  colonization. 
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Streptococcus  pneumoniae  (the  pneumococcus)  is  a  Gram¬ 
positive  bacterium  that  colonizes  the  human  nasopharynx.  Al¬ 
though  colonization  is  typically  asymptomatic,  S.  pneumoniae  is 
an  opportunistic  pathogen  capable  of  a  myriad  of  infections,  in¬ 
cluding  sinusitis,  otitis  media,  pneumonia,  bacteremia,  and  men¬ 
ingitis  ( 1 ).  In  general,  the  attack  rate  for  the  pneumococcus  is  very 
low,  yet  such  vast  numbers  of  individuals  are  colonized  that  the 
overall  disease  burden  is  tremendous.  For  example,  in  children  of 
<5  years  of  age  >14.5  million  episodes  of  invasive  pneumococcal 


disease  (IPD)  are  recorded  annually,  accounting  for  ~800,000 
deaths  worldwide  (3). 

Colonization  with  the  pneumococcus  typically  occurs  without 
overt  inflammation  and  can  last  up  to  several  months.  It  is  esti¬ 
mated  that  25  to  40%  of  healthy  children  in  daycare  settings  and 
10  to  15%  of  adults  are  colonized  at  any  given  time  (4).  Although 
carriage  is  known  to  be  a  prerequisite  for  disease  development,  our 
understanding  of  the  host-pathogen  interactions  that  allow 
S.  pneumoniae  persistence  within  the  nasopharynx  is  incomplete. 
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Importantly,  considerable  evidence  now  suggests  that  biofilms, 
microbial  communities  attached  to  a  surface  and  encased  within 
an  extracellular  matrix  (5),  play  an  important  role  during  coloni¬ 
zation.  In  support  of  this  notion,  mixed  biofilms  containing 
S.  pneumoniae  have  been  observed  on  adenoid  tissue  and  mucosal 
epithelial  cells  isolated  from  patients  with  chronic  rhinosinusitis 
(6-9).  Pneumococcal  biofilms  have  been  detected  on  nasal  septa 
of  experimentally  colonized  mice  and  can  form  on  cultured  respi¬ 
ratory  epithelial  cells  in  vitro  (10,  11).  Pneumococcal  aggregates 
composed  of  hundreds  to  thousands  of  individual  pneumococci 
were  observed  in  nasal  lavage  elutes  taken  from  asymptomatically 
colonized  mice  (12). 

The  formation  of  a  biofilm  presumably  confers  several  advan¬ 
tages  to  the  pneumococcus.  Bacteria  within  biofilms  are  more 
resistant  to  environmental  stressors,  including  host  defenses  such 
as  defensins  and  phagocytic  cells,  than  their  planktonic  counter¬ 
parts  (5,  13-15).  Biofilm  pneumococci  are  desiccation  resistant 
and  hyperadhesive  (16,  17).  Pneumococci  in  biofilms  have  been 
reported  to  reduce  the  expression  of  pneumolysin  (17-19),  a 
pore-forming  toxin  that  is  detected  by  Toll-like  receptor  4  and 
activates  the  NLRP-3  inflammasome  (20,  21).  This,  along  with 
other  modifications  that  occur  during  the  biofilm  lifestyle  (17, 
22),  potentially  promotes  asymptomatic  colonization.  Impor¬ 
tantly,  the  vast  majority  of  studies  on  S.  pneumoniae  biofilm  for¬ 
mation  have  been  performed  in  vitro  and  the  requirements  or 
impact  of  in  vivo  biofilm  formation  on  colonization  remains  un¬ 
tested. 

In  this  study,  we  characterized  the  temporal  formation  of  bio¬ 
films  within  the  nasopharynx  of  colonized  mice  and  determined 
the  contribution  of  pneumococcal  determinants  previously  im¬ 
plicated  in  either  in  vitro  biofilm  formation  or  nasopharyngeal 
colonization.  We  included  mutants  deficient  in  (i)  the  adhesin 
choline  binding  protein  A  (CbpA),  which  mediates  bacterial  at¬ 
tachment  to  laminin  receptor  and  polymeric  immunoglobulin  re¬ 
ceptor  on  mucosal  epithelial  cells  (23,  24);  (ii)  the  pore- forming 
toxin  pneumolysin  (Ply);  (iii)  the  enzyme  pyruvate  oxidase,  en¬ 
coded  by  the  gene  spxB,  which  is  responsible  for  the  production  of 
and  pneumococcal  protection  from  hydrogen  peroxide  (25);  (iv) 
autolysin  (LytA),  the  major  cell  wall  hydrolase  responsible  for 
pneumococcal  DNA  release  (26);  (v)  S-ribosylhomocysteine  lyase 
(LuxS),  the  enzyme  responsible  for  production  of  the  quorum 
sensing  molecule  homoserine  lactone  autoinducer  2  (Al-2), 
known  to  be  required  for  in  vitro  biofilm  formation  (27);  (vi) 
CiaR/H,  the  oxygen-sensitive  two-component  signal  transduction 
system  which  mediates  the  stress  response  (28);  and  (vii)  pneu¬ 
mococcal  serine-rich  repeat  protein  (PsrP),  a  lung  cell  and  intras¬ 
pecies  adhesin  previously  shown  to  be  required  for  robust  in  vitro 
and  in  vivo  biofilm  formation  (12).  Our  results  highlight  the  key 
role  of  some  of  these  factors,  as  well  as  the  compensatory  ability  of 
S.  pneMwoniae  biofilm- related  mechanisms.  In  addition  to  this,  we 
also  show  that  biofilm  pneumococci  provoke  a  weaker  inflamma¬ 
tory  response  than  their  planktonic  counterparts  and,  while  hy¬ 
peradhesive,  are  less  invasive.  These  latter  findings  help  to  eluci¬ 
date  the  role  that  biofilms  play  during  prolonged  asymptomatic 
colonization  with  S.  pneumoniae. 

RESULTS 

Robust  in  vitro  biofilm  formation  is  strain  dependent  and  not 
correlated  with  successful  colonization  of  mice.  We  first  exam¬ 
ined  the  ability  of  our  noninvasive  nasopharyngeal  Isolates  6A10 
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FIG  1  In  vitro  biofilm  formation  by  S.  pneumoniae  clinical  isolates  and  cor¬ 
responding  rates  of  colonization.  (A)  Mean  biomass  of  biofilms  formed  by 
clinical  isolates  on  6- well  polystyrene  plates  after  18  h  of  growth,  as  measured 
by  crystal  violet  staining  (n  =  4/strain).  Accompanying  representative  images 
of  stained  wells  are  provided  beneath  the  graph.  The  table  represents  statistical 
significance  between  strains  (-I-,  significance;  — ,  no  significance)  grown  on 
untreated  plates  as  determined  by  one-way  ANOVA.  n/a,  not  applicable; 
OD540,  optical  density  at  540  nm.  (B)  CFU  determination  of  S.  pneumoniae  in 
NALF  collected  from  colonized  mice  at  days  1, 3, 5, 7,  and  14  postinfection.  No 
significant  differences  were  observed  between  strains  on  any  given  day  as  tested 
by  one-way  ANOVA  (n  =  9  to  12/cohort). 


and  6B8,  as  well  as  the  invasive  isolates  TIGR4,  6A16,  6A18,  and 
6B2 1 ,  to  form  biofilms  in  vitro  using  a  6-well  microtiter  plate  1 8-h 
model  ofbiofilm  formation  (Fig.  lA).  6A10  and  6B8  formed  dense 
biofilms  characterized  by  a  thick  confluent  monolayer  of  bacteria 
on  the  bottom  of  the  well.  In  contrast,  TIGR4,  6A16,  and  6A18 
formed  thin  biofilms,  with  the  underlying  polystyrene  surface  of 
the  plate  remaining  visible.  The  invasive  isolate  6B21  formed  ro¬ 
bust  biofilms  equivalent  to  those  of  noninvasive  6A10  and  6B8. 
We  subsequently  assayed  the  same  strains  for  their  ability  to  col¬ 
onize  the  nasopharynx  of  BALB/c  mice  over  a  2-week  period.  All 
strains  showed  indiscernible  colonizing  capabilities  as  measured 
by  CFU/ml  of  nasal  lavage  fluid  (NALF)  (Fig.  IB).  Ofnote,recov- 
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FIG  2  Pneumococcal  biofilms  are  present  on  mucosal  epithelial  cells  in  the  septa  of  experimentally  infected  mice.  Scanning  electron  microscopy  of  isolated  nasal 
septa  from  naive  or  colonized  mice.  (Aand  B)  Low  (A)-  and  high  (B)-magnification  views  of  healthy  septal  epithelia.  (C)  6A10-colonized  nasal  septa  at  3  dpi.  Both 
matrix-associated  bacteria  and  free  diplococci  are  present  on  top  of  ciliated  epithelial  cells.  (D)  TIGR4-colonized  septa  at  3  dpi.  Small  aggregates  of  bacteria  are 
present.  (E  and  I)  6A10-colonized  septa  at  7  dpi.  Bacteria  are  encased  within  a  matrix,  and  aggregates  contain  a  number  of  visible  host  components.  Large 
aggregates  are  associated  with  an  absence  of  cilia.  (F  and  I)  TIGR4-colonized  septa  at  7  dpi.  Clusters  of  aggregated  bacteria  rest  on  the  epithelial  surface  and  are 
associated  with  a  number  of  host  cells.  (G  andH)  6A10  (G)-  andTIGR4  (H)-colonized  respiratory  epithelium  at  14  dpi.  Cilia  are  absent,  and  bacterial  aggregates 
are  seen  on  the  exposed  cells.  Bacteria  are  encased  within  a  thick,  visible  matrix,  and  individual  cells  are  difficult  to  distinguish.  6A10  aggregates  are  large  and 
highly  structured,  whereas  TIGR4  aggregates  were  mottled  and  noticeably  smaller.  (1  and  J)  Aggregates  formed  by  both  6A10  (1)  and  TIGR4  (J)  contain  a  number 
of  host  components,  including  inflammatory  cells.  Arrows  indicate  common  features  ofbiofilm  architecture:  exposed  basement  membrane,  bacterial  cells  within 
matrix  material,  and  incorporated  ciliated  cells  and  leukocytes. 


erable  CFU  peaked  at  3  to  5  days  postinfection  (dpi)  and  dropped 
approximately  100-fold  by  14  dpi.  Enumeration  of  intimately  at¬ 
tached  bacteria  (i.e.,  those  not  dislodged  following  lavage  with 
saline)  in  homogenized  nasal  septum  samples  by  both  quantita¬ 
tive  reverse  transcription-PCR  (qRT-PCR)  and  plating  also 
showed  no  difference  between  the  strains  at  day  7  (see  Fig.  SI  in 
the  supplemental  material).  Importantly,  enumeration  of  bacte¬ 
rial  load  by  qRT-PCR  seemed  to  be  more  sensitive,  with  an  ~10- 
fold  increase  in  extrapolated  CFU  load.  In  summary,  and  consis¬ 
tent  with  previously  published  studies  (29),  we  saw  no  correlation 
between  robust  in  vitro  biofilm  formation  by  distinct  clinical  iso¬ 
lates  and  the  ability  to  colonize  the  nasopharynx  of  mice.  None¬ 
theless,  in  vitro  biofilm  formation  was  loosely  correlated  with  the 
anatomical  site  from  which  clinical  isolates  were  collected,  consis¬ 
tent  with  the  report  by  Trappetti  et  al.  (30). 

Biofilm  aggregates  form  on  the  nasal  septa  of  colonized  mice. 
To  discern  if  differences  between  a  high-  and  a  low-i«-v/rro- 


biofilm- forming  strain  occurred  in  vivo,  we  examined  isolated  na¬ 
sal  septa  from  naive  mice  (control)  and  mice  colonized  with  6A10 
or  TIGR4  at  3,  7,  and  14  dpi  by  using  scanning  electron  micros¬ 
copy  (SEM).  Importantly,  control  mice  displayed  an  undisturbed 
septal  epithelium  with  intact  cilia  and  a  few  scattered  immune  cells 
(Fig.  2A  and  B).  On  day  3,  the  septa  of  mice  colonized  with  6A1 0 
showed  the  presence  of  small  bacterial  aggregates  resting  on  top  of 
the  ciliated  epithelial  cells  (Fig.  2C).  In  some  areas,  there  seemed  to 
be  an  irregular  loss  of  epithelial  cells  with  what  appeared  to  be  the 
basement  membrane  exposed  and  biofilm  aggregates  attached  in 
their  place.  Thus,  epithelial  cells  seem  to  have  been  sloughed  off. 
At  7  dpi,  the  formation  of  larger  6A10  bacterial  aggregates  became 
obvious,  accompanied  by  greater  areas  of  exposed  basement 
membrane  (Fig.  2E  and  I).  Finally,  septa  recovered  from  6A10- 
colonized  mice  at  14  dpi  were  characterized  by  an  overwhelming 
number  of  large  bacterial  aggregates  encased  within  a  matrix 
structure  and  attached  to  the  completely  bare  basement  mem- 
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FIG  3  In  vivo  aggregates  detected  in  NALF  of  mice  colonized  with  S.  pneumoniae.  Following  processing 
with  Image!  software  (see  Materials  and  Methods),  individual  biofilm  aggregates  were  grouped  into 
classes  based  on  pixel  size,  from  small  aggregates  (1  to  10/11  to  1,000)  to  medium  (1,001  to  10,000/ 
1 0,00 1  to  1 00,000)  to  large  ( >100,000).  Shown  is  the  contribution  of  each  size  class  to  the  total  aggregate 
area  as  determined  by  a  percentage  of  the  total  pixel  area.  Asterisks  denote  a  significant  difference 
between  size  areas  compared  to  day  3.  Statistical  analysis  was  done  using  Student’s  t  test. 


brane.  Unlike  earlier  time  points,  in  the  areas  where  aggregates 
were  observed,  no  ciliated  epithelial  cells  were  seen  in  any  mice 
collected  at  day  14  (Fig.  2G).  Septa  collected  from  mice  colonized 
with  TIGR4  showed  a  similar  pattern  of  aggregate  formation  and 


epithelial  sloughing,  although  aggregates, 
in  general,  seemed  to  be  considerably 
smaller  than  those  for  6A10  (Fig.  2D,  F, 
H,  and  J).  Interestingly,  what  appeared  to 
be  host  cells  were  frequently  seen  as  part 
of  the  biofilm  aggregates  of  both  strains 
(Fig.  2G,  I,  and  J).  Similar  observations 
were  noted  for  nasal  septa  colonized  by 
the  remaining  clinical  isolates  (data  not 
shown). 

In  vivo  pneumococcal  aggregate  for¬ 
mation  over  time  loosely  correlates  with 
in  vitro  ability.  To  provide  a  quantitative 
analysis  of  the  observed  biofilm  a^re- 
gates,  we  stained  and  digitally  quantitated 
the  size  and  number  of  bacterial  a^re- 
gates  within  NALF  using  Image!  software 
(Fig.  3).  Consistent  with  our  SEM  results, 
these  analyses  revealed  the  more  frequent 
occurrence  of  large  bacterial  aggregates 
from  3  to  14  dpi  for  strain  6A10.  This  was 
also  observed  for  6A16, 6B8,  and  6B2 1 .  In 
some  instances,  extremely  large  aggre¬ 
gates  were  observed  at  14  dpi  that  occu¬ 
pied  the  majority  of  our  visual  field  (see 
Fig.  S2  in  the  supplemental  material).  In 
contrast,  aggregates  detected  from  the 
NALF  of  mice  colonized  with  TIGR4  and 
6A18  were  much  smaller  and  remained 
consistent  in  size  between  3  and  14  dpi. 
Thus,  the  high-biofilm-forming  strains 
all  formed  large  aggregates  in  vivo,  and 
the  majority  of  low-in-vitro-biofilm- 
forming  strains  did  not.  The  exception 
was  6A16,  which  formed  large  aggregates 
in  vivo.  We  conclude  that  there  is  a  gen¬ 
eral,  but  incomplete,  correlation  between 
in  vitro  biofilm  formation  and  in  vivo 
abrogate  formation.  Importantly,  these 
results  provide  the  first  temporal  and 
quantitative  evidence  for  the  changes  in 
pneumococcal  biofilm  aggregate  size 
seen  during  colonization.  Recovered  ag¬ 
gregates  were  confirmed  to  be  S.  pneu¬ 
moniae  by  visual  confirmation  of  diplo- 
cocci  within  Gram-stained  elutes  using 
a  microscope  and  testing  for  optochin 
sensitivity  on  blood  agar  plates  following 
culture. 

Assessment  of  the  contribution  of 
individual  virulence  determinants  to 
biofilm  formation.  To  determine  the  in¬ 
dividual  contribution  of  established  viru¬ 
lence  determinants  to  in  vivo  biofilm  for¬ 
mation,  we  tested  a  large  panel  of  6A10 
isogenic  mutants.  We  chose  to  use  6A1 0 
as  our  reference  strain  since  it  formed  the  most  robust  in  vivo 
biofilms.  The  mutants  selected  for  examination  were  chosen  since 
previous  studies  had  shown  the  corresponding  gene  products  to 
be  required  during  in  vitro  biofilm  formation  (10, 12,  27,  31-34) 
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FIG  4  Biofilm  aggregates  on  septal  epithelia  of  mice  colonized  with  isogenic  mutants.  Nasal  septa  from  6A 10- colonized  mice  collected  at  7  dpi  at  low  and  high 
magnification.  Aggregate  formation  in  vivo  was  minimally  decreased  or  equal  to  that  of  the  wild  type  in  strains  lacking  CbpA  or  pneumolysin,  as  structures  were 
still  fairly  large  in  size  and  contained  host  components.  Mutants  lacking  LytA,  LuxS,  and  SpxB  exhibited  a  decreased  ability  to  form  large  aggregates,  and  observed 
aggregates  rested  on  top  of  ciliated  epithelial  cells,  in  contrast  to  the  exposed  basement  membrane  observed  in  wild-type-colonized  samples.  The  PsrP  mutant 
strain  was  completely  unable  to  form  biofilm  aggregates,  and  colonized  mice  displayed  a  healthy  ciliated  epithelia.  The  presence  of  scattered  immune  cells  could 
be  seen. 


or  nasopharyngeal  colonization  (31,  35-39).  We  first  assayed 
these  mutants  in  vitro  using  the  18-h,  6-well  micro  titer  plate  bio¬ 
film  model;  consistent  with  previous  publications,  no  significant 
differences  from  the  wild  type  were  observed  for  the  majority  of 
the  mutants  (29,  31).  The  two  exceptions  were  the  spxB  mutant, 
which  had  an  increase  in  biofilm  formation,  and  the  ciaR/H  mu¬ 
tant,  which  had  a  significant  decrease  in  biofilm  formation  (see 
Fig.  S3  in  the  supplemental  material).  A  strong  trend  for  reduced 
biofilm  formation  was  observed  for  the  mutant  lacking  psrP- 
secY2A2  {P  =  0.062).  In  vivo,  loss  of  CiaR/H  resulted  in  the  most 
obvious  defect,  with  no  recoverable  bacteria  detected  from  the 
nasopharynx  of  mice  at  any  time  point,  indicating  that  loss  of 
CiaR/H  resulted  in  a  major  fitness  defect  (see  Fig.  S4A).  For  this 
reason,  6AlOAciaR/H  was  not  included  in  further  experiments. 
None  of  the  remaining  mutants  exhibited  a  significant  difference 
from  the  wild  type  in  their  ability  to  colonize  when  using  CFU/ml 
of  nasal  lavage  fluid  to  examine  colonization  over  time  or  when 
homogenized  nasal  septa  from  mice  at  day  7  were  tested  for  levels 
of  intimately  attached  bacteria  by  qRT-PCR  and  colony  counts 
(see  Fig.  S4B). 

Compared  to  the  wild-type  controls,  SEM  of  septa  collected 


from  mice  at  day  7  revealed  that  the  loss  of  individual  determi¬ 
nants  resulted  in  various  degrees  of  attenuation  (Fig.  4).  Mice 
colonized  with  6AlOAcbpA  had  what  appeared  to  be  a  normal 
number  of  biofilm  aggregates,  although  the  morphology  of  these 
biofilms  appeared  smaller  and  seemed  to  be  less  structurally  com¬ 
plex.  While  not  enumerated,  visual  inspection  suggested  that 
6A10AcfcpA  aggregates  contained  fewer  host  cell  fragments  than 
did  wild-type  formed  biofilms.  6A10Aci7pA  aggregates  also 
seemed  to  be  flatter  and  scattered.  Mice  colonized  with  SAlOAlytA 
also  contained  smaller  aggregates,  although  these  aggregates  re¬ 
tained  the  same  morphological  characteristics  as  wild-type  pneu¬ 
mococci.  Mutants  lacking  LuxS  were  also  morphologically  similar 
to  wild-type  bacteria  but  also  appeared  to  be  greatly  reduced  in 
size.  Of  note,  6A10A/ytT-  and  6A10A/uxS-colonized  epithelia  did 
not  seem  to  display  the  same  level  of  basement  membrane  expo¬ 
sure  as  mice  colonized  with  6A10.  Loss  of  pneumolysin  seemed  to 
enhance  the  size  of  the  aggregates  observed  in  SEM  images,  albeit 
the  presence  of  host  cells  in  the  biofilm  aggregates  remained  con¬ 
stant  and  exposure  of  the  basement  membrane  continued  to  oc¬ 
cur.  Analysis  of  septa  from  mice  colonized  with  6A10AspxB  re¬ 
vealed  that  this  mutant  was  severely  attenuated  for  aggregate 
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FIG  5  Mutant  strains  are  able  to  colonize  efficiently  but  exhibit  a  decreased  ability  to  form  aggregates 
in  vivo.  Image)  quantitation  of  aggregate  size  distribution  over  time  by  6A10  or  6A10  isogenic  mutants. 
Statistical  significance  was  determined  by  2- tailed  Student’s  t  test  versus  the  6A10  control  at  the  corre¬ 
sponding  time  point  and  is  represented  with  an  asterisk. 


formation  in  vivo.  Formed  aggregates 
were  barely  detectable  and  appeared  to 
lack  the  matrix  structure  seen  in  wild- 
type  aggregates.  Lastly,  the  septal  epithe- 
lia  of  mice  colonized  with  the 
6Al0ilpsrP-secYZA2  deficient  mutant 
displayed  a  complete  absence  of  aggre¬ 
gates  and  undisturbed  epithelia.  This  is 
consistent  with  our  earlier  finding  that 
TIGR4  required  PsrP  for  in  vivo  biofilm 
formation  (12).  Importantly,  individual 
diplococci  were  not  readily  discernible  in 
any  of  the  SEM  images  despite  being  pres¬ 
ent  in  NALF  samples  (Fig.  3  and  5).  This 
may  be  due  to  their  small  size  or  their  loss 
during  the  collection  and  fixation  pro¬ 
cess. 

To  quantitate  the  differences  de¬ 
scribed  above,  digitalized  images  of  crys¬ 
tal  violet  (CV)-stained  bacteria  in  NALF 
of  colonized  mice  were  again  analyzed 
(Fig.  5).  At  day  3,  aggregates  detected  in 
nasal  lavage  fluid  showed  no  differences 
in  size  distribution,  with  the  exception 
of  6A10A/ytA  and  6Al0ilpsrP-secY2A2 
samples,  which  showed  a  modest,  but 
significant,  increase  in  the  prevalence  of 
smaller  aggregates  and  planktonic  bacte¬ 
ria.  At  day  7  postinfection,  other  mutants 
began  to  show  a  similar  phenotype,  with 
SAlOAcbpA,  6A10A/ytA,  6A10A/uxS, 
and,  unexpectedly,  6A10Ap/n  showing  an 
increased  proportion  of  small  aggregates 
compared  to  wild-type  6A10. 
6Al0ilpsrP-secYZ\2  NALF  contained 
an  increased  amount  of  small  aggregates 
and  an  associated  decrease  in  larger  ag¬ 
gregates.  By  14  days  postinfection,  all  of 
the  mutant  strains  assayed  displayed  a  de¬ 
creased  ability  to  form  the  larger  a^re- 
gates,  with  6A10AspxB-  and  6AlOClpsrP- 
secy2A2- colonized  mice  exhibiting  a 
near-complete  absence  of  the  large  aggre¬ 
gates.  Importantly,  the  amount  of  smaller 
aggregates  found  within  the  NALF  of 
mice  colonized  with  fiAlOAcfjpA, 
6A10A/ytA,  6A10A/uxS,  6A10Ap/«,  and 
6A10AspxB  was  significantly  larger  than 
those  found  in  the  NALF  of  6A10- 
colonized  mice,  indicating  that  while 
large  aggregates  failed  to  form,  smaller 
a^regates  and  individual  pneumococci 
remained  present.  These  results  indicate 
that  there  is,  in  fact,  a  significant  differ¬ 
ence  in  the  aggregates  formed  by  mutant 
strains  in  vivo. 

Biofilm-deficient  pneumococci  elicit 
a  stronger  proinflammatory  response. 
Since  the  absence  of  overt  inflammation 
would  presumably  serve  to  prolong  colo- 
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FIG  6  5.  pneumoniae  that  is  unable  to  form  biofilms  elicits  an  enhanced  cytokine  response  during  colonization.  (A)  Assorted  cytokine  levels  in  Detroit- 562 
pharyngeal  epithelial  cell  or  J774A.1  macrophage  supernatants  24  h  following  a  4-h  exposure  to  10*  CFU  of  either  planktonic  or  biofilm -derived  TIGR4 
pneumococci.  (B)  Levels  of  TNF-a,  IL-6,  IL-1^,  and  KC  in  nasal  lavage  samples  collected  at  7  days  postinfection  from  mice  colonized  with  wild-type  or 
PsrP-deficient  isogenic  mutants  of  strains  TIGR4  and  6A10  (n  =  5/ cohort) .  Cytokine  levels  were  measured  using  ELISA  Significance  was  tested  by  Student’s  t  test 
(n  =  5/cohort).  Asterisks  denote  a  statistically  significant  difference  (P  <  0.05)  for  the  mutant  versus  its  respective  wild  type.  Hash  tag  denotes  statistically 
significant  difference  versus  nGR4.  (C)  Representative  scanning  electron  micrograph  of  septa  isolated  from  mouse  colonized  with  T4ApsrP.  Note  that  T4ApsrP 
does  not  form  the  biofilm  aggregates  observed  in  mice  infected  with  TIGR4  or  cause  the  sloughing  of  mucosal  epithelial  cells.  (D)  Levels  of  TNF-a  and  IL-6  in 
pooled  nasal  lavage  samples  collected  from  mice  colonized  with  wild-type  or  PsrP-deficient  isogenic  mutants  of  strain  TIGR4  on  days  1, 3,  and  5  postinfection 
(n  =  6/cohort).  Cytokine  levels  were  measured  using  ELISA. 


nization,  we  tested  if  the  biofilm  phenotype  affected  the  host  re¬ 
sponse.  Consistent  with  this  notion,  we  observed  a  muted 
interleukin-6  (IL-6)  and  IL-8  response  to  biofilm  pneumococci  by 
Detroit- 562  nasopharyngeal  cells  (Fig.  6A).  This  phenomenon 
was  recapitulated  in  I774A.1  macrophages  that  showed  decreased 
IL- 1^,  IL-6,  and  tumor  necrosis  factor  alpha  (TNF-a),  in  response 


to  biofilm  pneumococci  (Fig.  6A).  We  next  sought  to  test  this  in 
vivo.  Since  naturally  occurring  biofilm-deficient  mutants  do  not 
exist,  we  first  compared  cytokine  levels  in  forced  nasal  washes 
from  mice  colonized  for  7  days  with  the  low-biofilm-forming 
strain  TIGR4  and  the  high-biofilm-forming  strain  6A10  (Fig.  6B). 
In  both  instances,  minimal  levels  of  TNF-a  and  IL-10  were  ob- 
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served,  no  differences  were  detected  for  KC,  and  a  significantly 
lower  level  of  IL-6  was  observed  for  6A10  than  for  T1GR4.  Since 
PsrP  mutants  do  not  form  biofilms  in  vivo  (Fig.  4  and  6C),  we  also 
tested  the  cytokine  response  to  TIGR4  and  6A10  mutants  lacking 
PsrP.  Mice  colonized  with  T4ApsrP  had  higher  levels  of  TNF-a 
and  IL-6  in  pooled  nasal  lavage  samples  at  days  1,  3,  and  5 
(Fig.  6D)  and  higher  IL-6  and  KC  levels  in  the  forced  lavage  sam¬ 
ples  at  day  7  than  did  the  wild  type  (Fig.  6B).  Importantly,  the 
latter  findings  are  tempered  by  the  fact  that,  for  TIGR4,  more  CFU 
were  present  in  the  nasopharynx  of  mice  colonized  with  the  PsrP 
mutant  than  in  mice  colonized  with  the  wild  type  [TIGR4  recov¬ 
ered  log,o(CFU/ml)  =  5.375,  T4ApsrP  log, o(CFU/ml)  =  6.133,  P 
=  0.006;  TIGR4  log,o(copy  number  by  qRT-PCR)  =  5.999, 
T4ApsrP  log,o(copy  number  by  qRT-PCR)  =  7.123,  P  =  0.023]. 
The  latter  has  previously  been  attributed  to  the  high  metabolic 
cost  of  producing  PsrP  (40).  For  6A10,  where  no  differences  be¬ 
tween  the  psrP-deficient  mutant  and  the  wild  type  in  colonization 
levels  were  detectable  (see  Fig.  S3  in  the  supplemental  material), 
6Al0flpsrP-secY2A2  elicited  a  strong  trend  toward  greater  IL-6 
and  IL- 1^  levels  in  forced  lavage  samples  (Fig.  6B). 

Biofilm  bacteria  may  fail  to  evoke  a  strong  proinflammatory 
response  due  to  a  number  of  reasons,  and  this  result  seemed  par¬ 
adoxical  given  our  prior  observation  of  cell  sloughing  on  the  nasal 
septa  of  colonized  mice  by  SEM.  For  this  reason,  we  examined  the 
ability  of  biofilm  pneumococci  to  invade  host  cells.  Biofilm  pneu¬ 
mococci  were  found  to  be  hyperadhesive  compared  to  their  plank¬ 
tonic  counterparts.  In  contrast,  their  capacity  for  cellular  invasion 
was  dramatically  decreased.  Overall,  the  invasive  index  (invasive 
events  measured  per  adherence  event)  was  33-fold  lower  for  bio¬ 
film  pneumococci  than  the  planktonic  value  (Fig.  7).  Given  these 
results,  we  surmise  that  biofilm  bacteria  may  not  be  invading  the 
cells  to  which  they  are  attached  in  vivo,  whereas  planktonic  pneu¬ 
mococci  are  capable  of  invasion.  Importantly,  histological  analysis 
of  nasal  septa  from  6A10- colonized  mice  confirmed  the  disrup¬ 
tion  of  ciliated  epithelial  cells  (see  Fig.  S5  in  the  supplemental 
material),  indicating  that  cell  sloughing  was  not  an  artifact  of  our 
SEM  and  that,  despite  a  reduction  in  the  invasive  potential  and  a 
weaker  inflammatory  host  response  to  biofilm  pneumococci,  the 
host  was  indeed  responding  to  the  infection. 

DISCUSSION 

This  study  is  the  first  temporal  analysis  of  pneumococcal  biofilm 
formation  during  nasopharyngeal  colonization  and  the  first  com¬ 
prehensive  determination  of  the  required  S.  pneumoniae  virxAence 
determinants.  Analysis  of  dislodged  bacteria  in  NALF  showed  that 
aggregates  were  able  to  form  within  the  nasopharynx  and  in¬ 
creased  dramatically  in  size  over  time,  although  this  ability  was 
markedly  strain  dependent.  The  ability  of  clinical  isolates  to  form 
aggregates  in  vivo  was  loosely  correlated  with  their  ability  to  form 
biofilms  in  vitro  and  the  anatomical  site  fi'om  which  the  bacteria 
were  isolated,  albeit  no  correlation  with  the  ability  to  successfully 
colonize  the  nasopharynx  was  found.  In  vivo  biofilms  formed  by 
S.  pneumoniae  were  striking  in  their  difference  from  those  formed 
on  the  polystyrene  microtiter  plate  surface.  Biofilms  within  the 
nasopharynx  were  neither  confluent  nor  contiguous  and  incorpo¬ 
rated  host  cells.  Aggregates  of  all  sizes  were  observed  in  vivo,  with 
some  most  likely  exceeding  several  thousand  pneumococci  at  later 
stages.  For  all  wild-type  strains  tested,  biofilm  aggregates  on  mu¬ 
cosal  epithelial  cells  transitioned  from  spotty  aggregates  on  top  of 
ciliated  cells  to  larger  clumps  and  structures  attached  directly  to 
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FIG  7  Biofilm  bacteria  are  hyperadhesive  but  less  invasive.  Percentage  of 
TIGR4  cells  from  the  total  inoculum  that  attached  and  invaded  Detroit- 562 
pharyngeal  epithelial  cells.  The  ratio  of  invasive  pneumococci  to  those  that  are 
attached  is  also  shown.  Experiments  were  performed  in  triplicate.  Statistical 
analysis  was  performed  using  a  two-tailed  Student  t  test.  Asterisks  denote  a 
significant  difference  (P  <  0.05). 


the  basement  membrane.  Very  few  planktonic  bacteria  were  ob¬ 
served  at  any  time  point,  possibly  due  to  our  collection  tech¬ 
niques;  unattached  bacteria  are  not  likely  to  have  remained  on 
septal  samples  throughout  the  washing  steps.  The  hyperadhesive 
state  of  bio  film  pneumococci  may  have  enabled  their  visualization 
by  SEM.  Two  recent  studies  using  in  vitro  systems  have  shifted 
more  closely  toward  the  in  vivo  phenotype  by  growing  bacterial 
biofilms  either  on  fixed  epithelial  cells  or  in  a  continuous  reactor 
that  exchanges  the  medium  (10,  11).  In  these  instances,  the 
formed  biofilms  are  more  similar  to  what  we  observed  within  the 
nasopharynx. 

Using  this  in  vivo  model,  we  determined  that  a  number  of 
pneumococcal  factors  contribute  to  in  vivo  biofilm  formation. 
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Importantly,  all  of  these  factors,  with  the  exception  of  pneumoly- 
sin,  contributed  in  some  manner  to  robust  in  vivo  biofilm  forma¬ 
tion,  with  a  stark  requirement  observed  for  CiaR/H,  SpxB,  and 
PsrP.  We  deemed  mutants  lacking  CiaR/H  as  unfit  due  to  a  com¬ 
plete  inability  to  establish  infection,  thus  precluding  the  mutant’s 
ability  to  form  in  vivo  biofilms.  CbpA  has  been  shown  to  be  critical 
for  colonization  (31,  39),  likely  due  to  its  ability  to  bind  laminin 
receptor  and  plgR  (23,  24).  Thus,  loss  of  this  protein  removes  a 
number  of  binding  opportunities  for  the  pneumococcus  that  may 
explain  the  altered  morphology.  Prior  to  this  study,  CbpA  has 
been  shown  to  be  important  for  biofilm  formation  only  when 
tested  for  in  an  unencapsulated  background  in  vitro  (31).  Loss  of 
LytA,  the  major  autolysin  of  S.  pneumoniae,  has  also  been  shown 
to  result  in  decreased  biofilm  formation  in  vitro  (33).  Debris  from 
dead  pneumococci  may  contribute  to  the  formation  of  the  biofilm 
matrix  and  compose  the  bulk  of  the  biofilm  aggregate  (33,  41). 
Consistent  with  this,  our  data  show  that  the  lytA  mutant  formed 
aggregates  of  greatly  reduced  size  and  complexity  in  vivo.  Hydro¬ 
gen  peroxide  has  been  shown  to  trigger  autolysis;  this  may  explain 
why  the  SpxB“  mutant  also  resulted  in  very  small  aggregates  being 
formed. 

Surprisingly,  6A10A/ia5  displayed  only  a  modest  decrease  for 
in  vivo  biofilm  aggregate  size.  LuxS  had  been  shown  by  multiple 
Investigators  to  be  important  during  biofilm  formation  in  vitro, 
both  in  standard  and  on  cultured  epithelial  cell  models  ( 1 1 ,  27, 
34).  LuxS  is  an  important  factor  in  the  pneumococcal  autoinducer 
2  (AI-2)  quorum  sensing  system.  Inhibition  of  this  system  is 
thought  to  block  the  bacterial  response  to  the  host  environment, 
thus  preventing  the  signaling  necessary  for  establishment  of  the 
biofilm  phenotype.  Importantly,  S.  pneumoniae  contains  a  second 
quorum  sensing  system,  the  Com  system,  which  has  been  shown 
to  play  a  role  in  biofilm  formation,  specifically  on  cultured  respi¬ 
ratory  cells  (11).  Therefore,  we  speculate  that  loss  of  LuxS  and 
Al-2  system  components  may  be  compensated  for.  Deletion  of 
pneumolysin  had  a  modest  effect;  this  was  not  unexpected,  as 
studies  have  shown  that  the  expression  of  pin  is  reduced  during  in 
vitro  biofilm  formation  (17).  Finally,  PsrP  had  a  dramatic  effect  on 
biofilm  formation  in  vivo.  PsrP  is  now  understood  to  be  an  intras¬ 
pecies  adhesin  that  promotes  biofilm  formation  through  the  ho¬ 
modimerization  of  its  BR  domain  to  PsrP  on  other  pneumococci 
(12).  It  also  binds  to  cytokeratin  10  on  host  cells  (42),  although 
this  ligand  is  thought  to  be  absent  on  the  nasal  septa.  While 
T1GR4, 6A 1 0, 6A 1 6,  and  6B8  all  ca  rry  PsrP,  strains  6A 1 8  and  6B2 1 
do  not  and  still  formed  in  vivo  biofilms  (43),  suggesting  that  other 
factors  are  capable  of  compensating  for  the  absence  of  PsrP. 

We  determined  that  biofilm  pneumococci  elicit  a  significantly 
weaker  immune  response  from  nasopharyngeal  and  macrophage 
cell  lines  in  vitro  than  do  their  planktonic  counterparts.  The  no¬ 
tion  that  this  occurs  in  vivo  is  supported  by  our  observation  of  a 
greater  proinflammatory  response  to  TtGR4  than  to  6A10,  as  well 
as  the  greater  response  to  the  PsrP-deficient  mutants  than  to  their 
wild-typ)e  controls.  One  caveat  is  that,  for  TIGR4,  there  are  more 
CFU  present  for  the  mutant,  which  most  likely  also  contributes  to 
the  higher  inflammatory  response.  Importantly,  this  decrease  in 
the  immune  response  is  in  contrast  to  the  highly  reproducible 
observation  that  formation  of  bio  film  aggregates  is  associated  with 
a  loss  of  ciliated  epithelial  cells.  At  this  time,  we  cannot  explain 
these  seemingly  contradictory  results,  but  one  possible  explana¬ 
tion  is  that  sloughing  of  epithelial  cells  is  not  an  inflammatory 
event  and  that  biofilm  bacteria  in  contact  with  underlying  cells  fail 


to  elicit  a  robust  immune  response.  This  maybe  due  to  decreased 
invasion  of  tissues  or,  alternatively,  the  previously  reported  reduc¬ 
tion  in  pneumolysin  production. 

One  highly  important  consideration  is  that,  regardless  of  dif¬ 
ferences  in  biofilm-forming  ability  and  differences  in  the  detected 
inflammatory  response  to  the  colonizing  strain,  we  did  not  ob¬ 
serve  any  significant  differences  in  colonization  levels  as  measured 
by  bacterial  titers  between  clinical  isolates  or  the  majority  of  mu¬ 
tants.  While  this  may  be  due  to  the  technical  limitations  of  our 
approach,  it  fails  to  provide  answers  regarding  the  advantage  of 
forming  biofilms  in  vivo.  One  obvious  and  yet  untested  possibility 
is  for  transmission.  The  biofilm  aggregates  are  presumably  more 
resistant  to  desiccation  than  individual  pneumococci,  and  their 
hyperadhesive  state  makes  them  highly  suitable  vehicles  for  trans¬ 
mission  on  fomites.  Alternatively,  differences  in  biofilm-forming 
ability  may  be  an  important  factor  in  disease  development  versus 
asymptomatic  colonization  in  response  to  additional  stimulation. 
This  is  evidenced  by  a  recent  paper  by  Marks  et  al.,  showing  that 
external  factors  affect  biofilm  formation  and  that  dispersed  bac¬ 
teria  are  more  virulent  than  their  biofilm  counterpart  (44). 

Despite  considerable  differences  in  aggregate  size,  no  signifi¬ 
cant  differences  in  recoverable  CFU  between  wild-type  strains  or 
the  majority  of  mutants  tested  were  observed  in  vivo.  This  may  be 
indicative  of  a  technical  failure  for  the  traditional  recovery  meth¬ 
ods  in  the  enumeration  of  colonizing  bacteria.  Large  aggregates 
containing  thousands  of  bacteria  are  presumably  counted  as  a 
single  CFU  during  plating,  thus  leading  to  a  lower  reading  of  over¬ 
all  burden,  particularly  at  later  time  points.  Additionally,  collec¬ 
tion  of  NALF  alone  does  not  account  for  bacteria  that  may  remain 
more  tightly  attached  to  the  epithelial  surface  or  bacteria  that  have 
been  internalized.  PCR-based  approaches  would  presumably 
count  both  live  and  dead  pneumococci  that  are  part  of  in  vivo 
aggregates.  In  vitro,  a  large  amount  of  the  biofilm  is  dead  bacteria 
(17).  Interestingly,  we  detected  ~10-fold-more  S.  pneumoniae 
bacteria  in  homogenized  nasal  septum  samples  by  qRT-PCR  than 
by  standard  CFU  counts  from  paired  samples.  Thus,  the  enumer¬ 
ation  of  bacteria  vsdthin  the  nasopharynx  remains  problematic, 
with  analysis  of  burden  affected  by  the  particular  strain’s  ability  to 
form  biofilm  aggregates  and  the  presence  of  dead  bacteria  within 
aggregates. 

In  summary,  here  we  have  shown  that  biofilms  develop  over 
time  in  vivo  and  that  their  morphology  is  highly  distinct  from  that 
seen  in  a  microtiter  plate  model.  We  have  identified  key  virulence 
determinants  in  this  process  and  shown  that  biofilm  pneumococci 
are  less  invasive  and  elicit  a  weaker  inflammatory  response;  this 
may  facilitate  long-term  colonization,  although  direct  proof  re¬ 
mains  lacking.  Importantly,  how  biofilm  contributes  to  successful 
asymptomatic  colonization  remains  an  open  question.  Thus,  fu¬ 
ture  studies  continue  to  be  warranted  to  help  understand  the  role 
that  pneumococcal  biofilms  play  in  vivo. 

MATERIALS  AND  METHODS 

Bacterial  strains.  S.  pneumoniae  strains  used  in  this  study  include  TIGR4 
(T4),  a  virulent  serotype  4  clinical  isolate  (45),  as  well  as  serotype  6A  and 
6B  isolates  previously  obtained  from  the  nasopharynx  of  healthy  children 
(strains  6A10  and  6B8)  and  those  with  IPD  (6A16, 6A18,  and  6B21)  (29). 
The  TIGR4  mutant  deficient  in  psrP  (T4A.psrP)  has  been  previously  de¬ 
scribed  (12).  Isogenic  deletion  mutants  in  the  6A10  background  were 
created  by  allelic  exchange  using  mutagenic  PGR  constructs  consisting  of 
fragments  of  the  flanking  genes  around  an  erythromycin  resistance  cas¬ 
sette  (46).  Mutants  created  for  this  study  included  those  deficient  in  cbpA 
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(6A10Aci>pA),  nanA  (6A10AnanA),  p/n  (6A10Ap/n),  spxB  (6A10AspxB), 
ciaR/H  (6A10AdaR/H),  lytA  (6A10A/ytA),  luxS  (6A10A/uxS),  and  the 
pathogenicity  island  encoding  PsrP  (6AlOClpsrP-secY2A2).  Mutants  were 
kept  under  antibiotic  selection  with  1  /xg/ml  erythromycin  at  all  times 
with  the  exception  of  outgrowth  for  experiments. 

In  vitro  biohlm  formation.  For  experiments  examining  early  biofilm 
formation,  in  vitro  biofilms  were  grown  as  previously  described  using  the 
microtiter  plate  model  with  biofilm  biomass  quantitated  by  spectropho¬ 
tometry  for  attached  crystal  violet  (CV)  (47).  SpecificaUy,  bacteria  were 
diluted  from  frozen  stocks  to  10^  CFU/ml  in  Todd-Flewitt  broth  (TFIB) 
and  2  ml  of  the  suspension  was  added  to  each  well  of  a  6-well  polystyrene 
plate.  Plates  were  incubated  for  18  h  at  37°C  in  5%  COj  prior  to  washing 
and  staining.  For  experiments  examining  the  host  cell  response  to  bio¬ 
films,  mature  biofilms  were  grown  using  a  continuous  flow  biofilm  line 
reactor  as  previously  described  (12).  Biofilms  were  grown  in  THB  for 
2  days  at  37°C  in  5%  COj.  Planktonic  cultures  used  to  seed  the  line  reactor 
and  their  extracted  biofilms  were  frozen  and  used  in  a  paired  fashion. 

Imaging  and  quantitative  analysis  of  bacterial  aggregates  in  nasal 
lavage  samples.  All  animal  experiments  were  reviewed  and  approved  by 
the  University  of  Texas  Health  Science  Center  at  San  Antonio  Institu¬ 
tional  Animal  Care  and  Use  Committee.  Female  6-week-old  BALE/ c  mice 
(Jackson  Laboratories,  Bar  Harbor,  ME)  were  infected  intranasally  vdth 
10^  CFU  of  S.  pneumoniae  in  10  p.1  phosphate-buffered  saline  (PBS).  Mice 
were  anesthetized  using  2%  vaporized  isoflurane  and  laid  on  their  side,  at 
which  point  bacterial  solution  was  pipetted  onto  the  right  nostril,  where  it 
was  inhaled.  On  days  1,  3,  5,  7,  and  14  postinfection,  nasal  lavage  was 
performed  on  anesthetized  mice  by  administering  and  then  aspirating 
10  pJ  of  PBS  from  the  nares.  A  portion  of  the  recovered  nasal  lavage  fluid 
(NALF)  was  serially  diluted,  plated  onto  blood  agar  plates,  and  incubated 
at  37°C  in  5%  COj  overnight  to  extrapolate  CFU/ml  from  colony  counts. 
The  remaining  portion  of  collected  NALF  was  stained  using  a  1 : 1  ratio  of 
1%  CV  and  observed  under  high  magnification  with  a  light  microscope. 
Digital  images  were  captured  at  random  and  compiled,  and  the  three 
median  images  were  chosen  for  quantitative  analysis  using  Image)  soft¬ 
ware.  Images  were  converted  to  black  and  white  to  allow  for  quantitation 
of  aggregates  using  the  software  particle-counting  application.  Particle 
count  data  for  each  image  were  then  exported  to  a  spreadsheet,  sorted,  and 
separated  into  size  classes.  The  area  of  aggregates  in  each  size  class  was 
then  obtained  and  converted  to  a  percentage  of  the  total  aggregate  area. 
Averages  were  calculated  per  mouse  and  then  per  experimental  group. 

Cytokine  analysis  of  NALF  and  enumeration  of  nasal  septum- 
attached  pneumococci.  NALF  from  infected  mice  was  collected  at  1,  3, 
and  5  days  postinfection  (dpi).  NALF  was  pooled,  frozen,  and  subse¬ 
quently  used  to  measure  the  temporal  proinflammatory  cytokine  re¬ 
sponse  to  colonization  by  enzyme-linked  immunosorbent  assay  (ELISA). 
In  separate  experiments,  forced  NALF  was  collected  from  euthanized 
mice  at  day  7.  This  was  done  by  puncturing  the  trachea  with  a  catheter  and 
pushing  500  /xl  PBS  outward  through  the  nares  into  a  collection  chamber. 
To  determine  the  number  of  pneumococci  intimately  attached  to  naso¬ 
pharyngeal  cells  (i.e.,  resistant  to  the  lavage),  nasal  septa  from  these  latter 
mice  were  excised  and  homogenized  in  PBS,  with  samples  serially  diluted 
and  plated  for  extrapolation  of  bacterial  titers  from  colony  counts.  Ho¬ 
mogenized  septa  were  also  processed  for  enumeration  of  bacteria  by  qRT  - 
PCR  using  probes  for  the  genes  pin  and  lytA  (48). 

SEM  and  histology.  Nasal  septa  were  excised  according  to  published 
protocols  (49),  with  the  exception  that  colonized  mice  were  exsangui¬ 
nated  and  perfused  with  PBS  following  euthanasia  to  prevent  the  accu¬ 
mulation  of  erythrocytes  during  the  dissection  procedures.  Tissue  sam¬ 
ples  were  processed  for  scanning  electron  microscopy  (SEM)  as 
previously  described,  and  images  were  captured  with  a  JEOL-6610  scan¬ 
ning  electron  microscope  (JEOL,  Peabody,  MA)  (12).  For  histology  ex¬ 
periments,  intact  nares  were  collected  from  euthanized  mice.  Samples 
were  immediately  placed  in  10%  formalin  and  then  decalcified  using 
EDTA.  Sections  were  cut  from  paraffin-embedded  blocks,  stained  with 
hematoxylin  and  eosin  (H&E),  and  visualized  by  microscopy. 


Cell  adhesin  and  invasion  assays  and  in  vitro  cytokine  analyses. 
Detroit-562  human  pharyngeal  cells  were  cultured  at  37°C  in  5%  COj. 
Cell  monolayers  were  grown  to  -95%  confluence  in  24-well  plates  (-10* 
cells/well)  prior  to  their  use.  Adhesion  and  invasion  assays  were  per¬ 
formed  as  previously  described  (50).  For  in  vitro  cytokine  analysis, 
Detroit-562  cells  and  J774A.1  mouse  macrophages  were  e.xposed  to  equal 
CFU  of  planktonic  and  biofilm  pneumococci  for  4  h.  Supernatants  were 
collected  and  examined  by  ELISA. 

Statistical  analyses.  Statistical  analysis  of  in  vitro  biofilm  formation 
data,  viable  CFU  counts  recovered  from  the  nasopharynx,  and  qRT-PCR 
values  was  performed  by  one-way  analysis  of  variance  (ANOVA)  using 
SigmaStat  3.1  software  (Systat  Software  Inc.,  Point  Richmond,  CA).  Anal¬ 
ysis  of  aggregate  size  class  data  and  cytokine  values  from  recovered  NALF 
was  performed  using  a  two-tailed  Student  t  test. 

SUPPLEMENTAL  MATERIAL 

Supplemental  material  for  this  article  may  be  found  at  http://mbio.asm.org 
/lookup/suppl/doi:10.1128/mBio.00745-13/-/DCSupplemental. 
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